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I N T R O D U C T I O N
At least three pharmacologically distinct receptor types mediate the postsynaptic action of ␥-aminobutyric acid (GABA), the ionotropic GABA A and GABA C receptors (GABA A Rs and GABA C Rs), and the metabotropic GABA B Rs (Bormann 2000; Chebib and Johnston 1999) . GABA C Rs differ significantly from GABA A Rs in a number of their biophysical and pharmacological properties. For example, GABA C Rs are composed of specific 1-3 subunits, have a 10-fold higher affinity for receptor agonists and show smaller current conductance that do not desensitize in the presence of agonists (Bormann 2000; Bormann and Feigenspan 1995; Chebib and Johnston 1999) . Furthermore, in contrast to the ubiquitous presence of GABA A Rs, throughout the CNS, the expression of GABA C Rs is restricted to a few structures, most of which are part of the subcortical visual system (Boué-Grabot et al. 1998; Frazao et al. 2007; Rozzo et al. 2002; Wegelius et al. 1998) .
In the retina, GABA C Rs are primarily expressed at bipolar cell terminals (Feigenspan et al. 1993; Enz et al. 1996; Lukasiewicz 1996; Wässle et al. 1998) , where they modulate information transfer to ganglion cells (Dong and Werblin 1998; Flores-Herr et al. 2001; Lukasiewicz and Werblin 1994; Pan and Lipton 1995; Sagdullaev et al. 2006) . Elimination of 1 subunit expression leads to a complete loss of both GABA C R expression and GABA C R-mediated function (McCall et al. 2002) . As a consequence, retinal bipolar cells in GABA C 1 Null mice lack GABA C R-mediated feedback currents without compensatory changes in other inhibitory inputs (Eggers et al. 2007 ) and related components of the electroretinogram are strongly enhanced in GABA C 1 Null mice (McCall et al. 2002) .
Outside the retina, GABA C R expression is particularly strong in the stratum griseum superficiale (SGS), the superficial layer of the superior colliculus (SC). In rat, activation of GABA C Rs reduces the activity of GABAergic SGS interneurons, resulting in increased activity of projection cells (Pasternack et al. 1999; Schmidt et al. 2001 ). This suggests a specific function of GABA C Rs in the control of local feed forward inhibition to SGS projection cells.
Attempts to define the subunit composition of GABA C Rs in retina and SC have produced conflicting results. Some studies report much higher expression of 1 relative to 2 subunits in retina and, higher expression of 2 relative to 1 in SC (Greka et al. 2000; Wegelius et al. 1998; McCall, unpublished observations) . Other studies did not find significant differences in their expression between retina and SC (Boué-Grabot et al. 1998 ). Whether or not differences in the subunit density exist between the retina and other brain structures, expression of the 1 subunit seems to be required to form functional GABA C Rs in the retina, and therefore GABA C R-mediated inhibition is eliminated in the absence of 1 expression (McCall et al. 2002) .
If the rules that govern GABA C R assembly in retina are similar to those in extraretinal structures, we also would expect a loss of GABA C R currents in SGS cells in GABA C 1 Null SC. To address this hypothesis and elucidate the GABA C R subunit composition in SC, we characterized and compared GABA C R-mediated effects on postsynaptic responses in wildtype (WT) and GABA C 1 Null SGS cells. Our results demonstrate that in the SGS of the SC functional GABA C Rs form in the absence of 1 subunit expression, although the remaining inhibitory GABA C R-mediated currents differ significantly from WT in both their kinetics and in the total inhibitory influence that they exert on postsynaptic responses.
M E T H O D S

Experimental animals
Three-to 6-wk-old C57Bl/6J (WT) mice and GABA C 1 Null mice congenic for the WT strain of either sex were used in these experiments. The targeting strategy and production of GABA C 1 Null mice has been described previously (McCall et al. 2002) . All experimental procedures were approved by institutional and governmental animalcare and -use committees and were in accordance with the European Communities Council Directive of 24 November 1986 (86/609/EEC).
Brain slice preparation
To obtain acute brain slices, animals were deeply anesthetized with halothane followed by a subcutaneous injection of ketamine (100 mg/kg body wt) and thiazine hydrochloride (1 mg/kg), before they were transcardially perfused with ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM) 123 NaCl, 2.5 KCl, 10 NaH 2 PO 4 , 26 NaHCO 3 , 1.3 MgSO 4 , 1.8 CaCl 2 , and 11 glucose, that was continuously gassed with 5% CO 2 -95% O 2 . After brain removal, 300-mthick coronal slices were cut on a vibratome in ice-cold ACSF. Five to six single SC slices were obtained from each experimental animal. The slices were kept in ACSF at 36°C for Ն1 h to allow recovery from the slicing procedure prior to recording. For recording, they were transferred to a submerged type recording chamber where they were superfused at 3 ml/min with ACSF at room temperature during patch-clamp experiments.
Whole cell patch clamp
Whole cell recordings from SGS neurons were performed under visual guidance, using infrared differential interference video microscopy (Dodt and Zieglgänsberger 1990) . For recording, borosilicate glass micropipettes (impedance: 5-8 M⍀) were filled with internal solution composed of (in mM) 130 potassium gluconate, 5 sodium gluconate, 20 HEPES, 4 MgCl 2 , 4 Na 2 ATP, 0.4 Na 3 GTP, and 5 EGTA to which 0.5% biocytin was added for morphological singlecell reconstruction. The pipette solution was also supplemented with the sodium channel blocker QX314 (4 mM) to block the generation of action potentials.
Postsynaptic responses were evoked in the SGS with a concentric bipolar stimulating electrode (SNEX-100X, Rhodes Medical Instruments, Tujunga, CA) placed in the stratum opticum (SO) ventral and lateral to the recording site. The electrical stimulus was optimized for each cell to achieve ϳ70% of its maximum response. To meet this criterion, stimuli varied in both amplitude (0.5-2 mA) and duration (100 -500 s) due to differences in the effectiveness of the stimulus altered by factors such as the distance between stimulation and recording sites. The neuronal signals were amplified and filtered using an RK-300 amplifier (BioLogic, Claix, France), digitized at 20 kHz with a CED 1401 laboratory interface (Cambridge Electronic Design, Cambridge, UK), and displayed, stored, and analyzed using WinWCP software (kindly provided by Dr J. Dempster, University of Strathclyde Electrophysiology Software: www.strath.ac.uk/Departments/ PhysPharm/ses.htm). Measured membrane potentials were corrected for the junction potential of Ϫ10 mV. Unless otherwise stated, postsynaptic current responses evoked by SO stimulation were averaged over five consecutive stimulus applications. Because the resulting excitatory and inhibitory postsynaptic currents overlap in time and cannot be elicited independently, we always defined the negative peak of the current response as the peak excitatory postsynaptic current (EPSC also in the case of multiple EPSC peaks); and the positive peak of the current response as the peak inhibitory PSC (IPSC). All drug effects are presented as means Ϯ SE. Differences were compared using the Student's t-test and were considered statistically significant when the P value was Յ0.05. In the results, P values are given only for statistically significant differences.
Drug delivery
All drugs were bath applied. A 10-min application time proved sufficient to achieve stable responses. Application of 0.2-0.5 M muscimol or 50 M cis-aminocrotonic acid (CACA) was used to selectively activate GABA C Rs. Muscimol at a concentration of 5 M was used to activate GABA A Rs and 10 M (Ϫ)-bicuculline methiodide was used to block them. Other selective antagonists were used to block: GABA B Rs, [3-[[(3,4-dichlorphenyl) methyl]amino]propyl](diethoxymethyl) phosphinic acid (CGP 52432, 5 M), and GABA C Rs, 1,2,5,6-tetrahydropyridine-4-yl phosphinic acid (TPMPA, 50 M). Because TPMPA also acts as a GABA B R agonist, CGP 52432 was always applied before and with TPMPA. Drugs were obtained from Sigma (Deisenhofen, Germany), except for CGP 52432 and TPMPA that were obtained from Tocris (Bristol, UK). 
Histochemistry
At the end of each recording session, slices were immersion fixed in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, at 4°C. After Ն24 h in fixative, slices were processed using standard histochemical techniques for visualization of biocytin with 3,3-diaminobenzidine (Sigma-Aldrich). Morphological reconstruction of stained cells was performed with the aid of a camera lucida.
R E S U L T S
GABA C receptors mediate inhibition in the SGS of WT mice
While we have previously characterized GABA C R-mediated responses in the SGS of the rat SC (e.g., Schmidt 2001, 2003; Schmidt et al. 2001) , the characteristics of GABA C R-mediated currents have not been reported for the mouse. To this end, we characterized the responses of 79 cells in the SGS of the SC of WT mice. When cells were clamped at or around their resting potential (i.e., to Ϫ60 mV), electrical stimulation usually elicited a biphasic PSC that consisted of a short-latency, single peak EPSC followed by a longer-duration IPSC (representative control traces in Fig. 1 , A and B). In addition, and similar to the rat SC , responses could consist of multiple EPSC peaks without an obvious IPSC (control traces in Fig. 1 , C and D). This probably results from an activation of multiple excitatory inputs either from different sets of afferent fibers or from intrinsic excitatory circuitry. In these cells, additional EPSC peaks appeared in the presence of the inhibitory antagonist, bicuculline, suggesting the presence of inhibitory inputs that are usually masked by excitation (Fig. 1D) . While electrical stimulation always elicited an EPSC, the appearance of an IPSC varied, and its presence frequently required depolarization of the cell to holding potentials above Ϫ40 mV (Fig. 1) , consistent with an E Cl close to V rest .
As described previously in rat SC , bath-applied muscimol (Յ0.5 M) activation of GABA C Rs in WT mouse SGS cells induced two effects on electrically evoked PSCs. In 65% of the cells (47/72), all PSCs were reduced, regardless of whether the current consisted of both an EPSC and an IPSC (Fig. 1A) or only an EPSC (not shown). In the case of multi-peak EPSCs, muscimol affected all peaks in a similar way (Fig. 1C) . On average, muscimol application reduced EPSC amplitudes 25.5 Ϯ 1.9% and IPSC amplitudes 34.9 Ϯ 3.9% (n ϭ 26) of control. As expected, bicuculline, a selective GABA A R antagonist had a strong effect on the electrically evoked IPSCs (Fig. 1D) . However, addition of muscimol in the presence of bicuculline produced similar reductions in EPSC amplitude as in the absence of bicuculline ( Fig. 1B and D; 25.5 Ϯ 1.9 vs. 25.1 Ϯ 4.5%; n ϭ 19), which verifies that the muscimol-induced reductions of electrically evoked EPSCs are GABA C R mediated.
In the remaining SGS cells, 0.5 M muscimol produced one of three effects: an increase only in the EPSC amplitude (n ϭ 5; Fig. 2A ), a reduction only in the IPSC amplitude (n ϭ 11; Fig. 2B ), or an increase in EPSC and decrease in IPSC amplitudes simultaneously (n ϭ 5; Fig. 2C ). In these cells, the mean increase in EPSC amplitude was 42.7 Ϯ 15.2% of control, and the mean decrease in IPSC amplitude was 34.6 Ϯ 3.9% of control. The magnitude of these changes is the same as in cells where both the EPSC and IPSC amplitudes were reduced. Again the addition of bicuculline in the presence of muscimol did not further alter the EPSC amplitude (EPSC increase 49.9 Ϯ 15.5 vs. 42.7 Ϯ 15.2%). These results demonstrate the existence of GABA C R-mediated currents in WT mouse SGS cells.
To independently confirm the existence of GABA C R-mediated currents, we also used the selective GABA C R agonist, cis-aminocrotonic acid (CACA). Similar to 0.5 M muscimol, bath application of 50 M CACA reduced the EPSC and IPSC mean amplitudes to 30.2 Ϯ 4.2 and 35.1 Ϯ 5.0% of control, respectively, in 9 of 10 additional SGS cells (Fig. 3) . Coapplication of bicuculline did not alter the CACA-evoked reductions in EPSC amplitudes (Fig. 3) , which remained at 28.6 Ϯ 6.5%. Similar to our results in the rat SC, these results strongly suggest that the effects of muscimol (0.5 M) and CACA application on electrically evoked EPSCs in WT SGS cells are selective to GABA C Rs and that IPSCs are mediated by both GABA A and GABA C Rs. These data also suggest that selective activation of the GABA C R reduces EPSCs in one group of SGS cells by direct inhibition and reduces IPSCs in another group by disinhibition.
IPSCs in WT SGS are partly mediated by GABA C receptors
Although the results from the activation of GABA C Rs by muscimol and CACA application indicate the presence of GABA C R-mediated currents in SGS neurons, the question remains whether their inhibition modulates synaptic transmission. We examined the effect of the selective GABA C R antagonist TPMPA on electrically evoked PSCs (Fig. 4) . Because TPMPA also acts as a GABA B R agonist , we always applied the GABA B R antagonist CGP 52432 before and with TPMPA in these experiments. Similar to our results with GABA C R agonists, TPMPA application reduced the IPSC amplitude by 29.2 Ϯ 2.4% of control in 26 of 33 cells tested (79%). In nine cells, EPSC amplitude was enhanced at the same time (Fig. 4A) , on average by 10.5 Ϯ 2.6%. As expected, the IPSCs resistant to both CGP52432 and TPMPA were GABA A R-mediated and were always completely eliminated when bicuculline was included in the bath. These results also support our conclusion that in mouse SGS neurons inhibition evoked by electrical stimulation of optic tract fibers is partly mediated by GABA C Rs.
GABA C R-mediated function is reduced but not eliminated in SGS cells in GABA C 1 Null mice
When excitatory and inhibitory inputs overlap temporally, both the strength of a synaptic input as well as its duration influence the temporal profile of the postsynaptic response. GABA C Rs exhibit smaller chloride conductances and longer mean open times and do not desensitize compared with GABA A Rs (Bormann 2000; Enz 2001) . When both GABA A and GABA C Rs mediate an IPSC, GABA A Rs contribute primarily to the initial phase and to its maximum amplitude, while GABA C Rs contribute to the more sustained component, primarily governing its decay. These differences have been most thoroughly characterized in retinal bipolar cells (Eggers et al. 2007; Lukasiewicz and Shields 1998; McCall et al. 2002; Palmer 2006 ) and isolated dLGN cells (Schlicker et al. 2003) . In retinal bipolar cells, elimination of GABA C 1 subunit expression leads to a complete loss of GABA C R expression and inhibition in the retina (Eggers and Lukasiewicz 2006a,b; Eggers et al. 2007; McCall et al. 2002; Sagdullaev et al. 2006 ). inhibitory inputs (Eggers and Lukasiewicz 2006a,b; Eggers et al. 2007; McCall et al. 2002; Sagdullaev et al., 2006) .
If the subunit composition and control of expression of GABA C Rs in retina and SC are similar, a comparable functional loss should be evident in the SGS cells of GABA C 1 Null mice. To this end, we analyzed and compared the normalized areas under the EPSC and IPSC curves by calculating the ratio of their maximum amplitude and area, similar to our analysis of inhibitory currents in retinal bipolar cells (Eggers et al. 2007; McCall et al. 2002) . This approach emphasizes the slow-onset, sustained GABA C R contribution and minimizes variability in current amplitude across individual SGS cells, which results from the depth of the cell and its processes in the slice and whether all GABAR bearing processes are intact.
Under control conditions, the amplitude-to-area ratios of the electrically evoked EPSCs in WT cells were significantly larger than those in GABA C 1 Null SGS cells ( Fig. 5 ; 0.21 Ϯ 0.02 vs. 0.13 Ϯ 0.01; P Ͻ 0.002; n ϭ 6) because EPSCs in WT cells terminated earlier than EPSCs in GABA C 1 Null cells (Fig. 5A ). These differences were not due to a general difference in excitatory input between WT and GABA C 1 Null SGS cells because their EPSC amplitude-to-area ratios were similar and TPMPA (Fig. 5B ). Thus the difference in electrically evoked GABAergic inhibition of EPSCs must result from a change in GABA C 1 subunit expression. Consistent with this result, IPSCs in WT cells under control conditions had significantly longer durations compared with GABA C 1 Null cells (Fig. 5C ), resulting in significantly smaller amplitude-to-area ratios (0.05 Ϯ 0.02 vs. 0.07 Ϯ 0.02; P ϭ 0.02). In contrast to our finding in retinal bipolar cells, when TPMPA was present in the bath, IPSCs in WT cells remained significantly shorter in duration compared with IPSCs in GABA C 1 Null cells in control solution (amplitude-to-area ratio: 0.10 Ϯ 0.02 vs. 0.07 Ϯ 0.02, P Ͻ 0.035; Fig. 5D ). To further quantify and verify this observation, we compared the temporal profiles of the electrically evoked PSCs from WT and 1 Null cells in the presence of TPMPA when only GABA A Rs should contribute to postsynaptic inhibition. The temporal profiles of WT and GABA C 1 Null IPSCs were indistinguishable (Fig. 5E) as were their amplitude-to-area ratios (0.10 Ϯ 0.02 vs. 0.09 Ϯ 0.03). These results indicate that the loss of GABA C 1 subunit expression alters GABA C R-mediated inhibition in SGS cells rather than eliminating its expression. In addition, the results suggest that there is no compensation in GABA A R-mediated input, similar to our finding for retinal bipolar cells. However, our evidence that a TPMPA-sensitive component remains in GABA C 1 Null SGS cells is in stark contrast to our results in retina where the IPSCs of 1 Null retinal bipolar cells were identical to WT IPSCs in the presence of TPMPA.
Activation of remaining GABA C Rs in 1 Null SGS cells
To characterize the remaining GABA C Rs in 1 Null SGS cells, we examined the effects of low concentrations of muscimol (0.5 M) on electrically evoked EPSCs and IPSCs. The proportional change induced in PSC amplitude by muscimol in GABA C 1 Null SGS cells was not statistically different from that described in the preceding text in WT cells. Namely, bath application of muscimol affected EPSCs and IPSCs in 67% of GABA C 1 Null SGS cells (33/49; Fig. 6 ) and reduced their amplitudes 30.3 Ϯ 3.2 and 45.4 Ϯ 4.6% of control. Coapplication of bicuculline did not significantly alter these muscimol-induced reductions (27.7 Ϯ 4.2%), indicating the presence of functional, albeit altered GABA C Rs in the SC of 1 Null mice.
Of the remaining 16 SGS cells, 0.5 M muscimol led to EPSC increases (n ϭ 6; Fig. 7A ) or IPSC decreases (n ϭ 4; Fig. 7B ) or to both effects at the same time (n ϭ 6; Fig. 7C ). On average, EPSC amplitude increased by 32.4 Ϯ 8.0% and IPSC amplitude decreased by 30.2 Ϯ 3.2%. Again these muscimol-induced increases in the EPSCs were insensitive to bicuculline (23.5 Ϯ 2.9%). In nine GABA C 1 Null SGS cells, bath application of CACA reduced both EPSC and IPSC amplitudes (36.3 Ϯ 5.4 and 39.4 Ϯ 5.5%, respectively; Fig. 8A ). Reductions induced by CACA also were insensitive to bicuculline and decreased by 25.4 Ϯ 5.1% of control (Fig. 8, B and D) . Further, the muscimol or CACA-induced reductions in EPSC and IPSC amplitude were similar when GABA C 1 Null and WT cells were compared (Fig. 9) . Finally, in WT cells (n ϭ 48), bicuculline reduced IPSC amplitudes by 79.9 Ϯ 3.8%, whereas in 1 Null cells (n ϭ 39), IPSC reductions were significantly less, 57.0 Ϯ 4.3% ( Fig. 9 ; P Ͻ 0.001). This result indicates that the alteration in GABA C R-mediated inhibition affects GABA A R-mediated inhibition in the SGS circuit. The only other GABA C R subunit expressed in the SC is 2. Thus our results suggest that the CACA/muscimol-sensitive current is most likely carried by 2 homomeric channels.
Morphological identification of recorded cells
Based on earlier results from rat SGS (Pasternack et al. 1999; Schmidt et al. 2001 ), we proposed a selective expression of GABA C Rs by local GABAergic SGS interneurons. We categorized the identified cell types that express GABA C Rs in mouse SGS ( Supplementary Figs. S1 and S2) . 1 The majority of cells where the electrically evoked EPSC was reduced after GABA C R activation had dendritic morphologies of putative 1 The online version of this article contains supplemental data. local GABAergic interneurons in both WT (20/29) and 1 Null (23/28) SC, similar to the rat. Specifically, EPSCs were reduced after either muscimol or CACA application in identified piriform (16/20), horizontal (21/29) and stellate (5/11) cells. Different from our earlier reports on rat SC, we observed enhanced EPSC amplitudes after GABA C R activation in only 4 of 16 identified narrow and wide field cells. In the majority of both narrow and wide field cells, EPSC amplitudes instead were reduced after GABA C R activation. This suggests that, at least in the mouse, many putative projection neurons also express GABA C Rs.
D I S C U S S I O N
GABA C receptors in the WT mouse SC
Our results indicate that GABA C Rs mediate inputs to SGS cells in the WT mouse SC. Similar to our observations in the rat ), GABA C R activation by both muscimol and CACA reduces electrically evoked PSCs in most WT SGS cells that display dendritic morphologies of putative local GABAergic interneurons. In contrast to our results in rat, however, GABA C R activation reduced PSCs in most mouse SGS cells with projection cell morphologies (e.g., narrow-and wide-field cells) and enhanced PSCs in only a fraction of the putative projection neurons. In support of this result, GABA C R expression has been reported in wide-field rat SGS cells (Kirischuk et al. 2003) . In all cases, the changes in the SGS cell responses induced by GABA C R agonists are not altered by the addition of bicuculline, verifying that these inputs are indeed GABA C R mediated.
When SGS cell responses are evoked electrically, both agonists (CACA or low concentration of muscimol) and antagonists (TPMPA) produce a variety of changes in EPSC and IPSC components that include only increases or decreases or a combination of the two. Agonist activation of WT GABA C Rs could directly reduce interneuron (IN) activity and, presumably, would reduce GABA release, leading to increased excitation in postsynaptic target cells (disinhibition) (Fig. 10) . In SGS projection neurons (PN) that express GABA C Rs, agonist activation will instead mediate a direct inhibition reducing EPSC amplitude. Further, if both pre-and postsynaptic partners express GABA C Rs, both activation and blockade of GABA C Rs can influence postsynaptic inhibition reducing inhibition or increasing excitation. Finally, because effects mediated by pre-and postsynaptic GABA C Rs might overlap temporally, the resulting response will depend on their relative contributions and timing at pre-and postsynaptic sites, and this may depend on their location in the SC circuitry. Thus our results indicate that GABA C Rs mediate multiple functions in the mouse SGS circuit, serving to either increase or decrease the strength of the output of SGS projection cells.
GABA C R-mediated responses in GABA C 1 Null SGS cells are altered but not eliminated
In the absence of 1 expression, the temporal profiles of WT and GABA C 1 Null IPSCs differ. WT IPSCs had longer durations than those in GABA C 1 Null SGS cells, consistent with the absence of an inhibitory receptor with long channel open times and little desensitization, like the GABA C receptor (Bormann 2000; Bormann and Feigenspan 1995; Chebib and Johnston 1999) . A similar change in the time course of GABAmediated currents has already been reported for rod bipolar cells in the GABA C 1 Null retina where the majority of the GABAergic current is mediated by GABA C Rs (Euler and Wässle 1998; Frech and Backus 2004; McGillem et al. 2000) .
When we compared the IPSCs in WT SGS cells in the presence of TPMPA with GABA C 1 Null cells in control solution, we found an unexpected result inconsistent with the effects that we observed in the retina. In the presence of TPMPA, the IPSCs in WT SGS cells were not similar to those of GABA C 1 Null cells (Eggers and Lukasiewicz 2006b ). Further, a TPMPA-sensitive component was evident in GABA C 1 Null SGS cells. Although a TPMPA-sensitive current (and with it GABA C R function) persists in GABA C 1 Null SGS cells, the difference in the time course of the WT and 1 Null IPSCs is consistent with the absence of receptors that are dominated by the kinetics of the 1 subunit. This result argues that GABA C 1 subunits are more critical to GABA C R assembly and/or function in retinal bipolar cells than they are in SGS cells in the SC.
Differences in inhibitory circuitry in the absence of GABA C 1 subunit expression
In addition to the difference in GABA C R IPSC kinetics between 1 Null and WT SGS cells, we also observed two surprising results: that the effects of activating the GABA C Rs in 1 Null SGS cells are similar to WT and that there was a statistically significant reduction in the sensitivity of GABA C 1 Null SGS cells to the specific GABA A R antagonist, bicuculline. Neither were consistent to our findings in the retina, where all GABA C R-mediated currents were eliminated and no compensatory changes in GABA or glycine currents were found (Eggers and Lukasiewicz 2006a,b; Eggers et al. 2007; McCall et al. 2002; Sagdullaev et al. 2006 ).
When we observed that a TPMPA-sensitive current remained in GABA C 1 Null SGS cells, our first hypothesis was that it was mediated by homooligomeric 2 receptors. However, this is inconsistent with published data showing that homooligomeric 2 receptors have lower channel conductance than homooligomeric 1 or heteromeric 1/2 receptors Cutting 1998, 1999; Wang et al. 1994) . In this scenario, we also would have to postulate that the remaining GABA C Rs in GABA C 1 Null SGS cells are upregulated to compensate for the loss of 1-mediated current. An additional consequence of this argument is that wherever the receptors are located they will mediate IPSCs that are shorter in duration. Because our results, both from mouse and rat SGS, indicate that the majority of local GABAergic interneurons express GABA C Rs Schmidt 2001, 2003; Pasternack et al. 1999; Schmidt et al. 2001) , this would be consistent with a role as autoinhibitors that regulate GABA release (Fig. 10) . In the absence of receptors that contain 1 subunits on these interneurons, autoinhibition would be decreased, GABA release would be enhanced, and the sensitivity of the postsynaptic receptors to the competitive antagonist, bicuculline, could be reduced. An additional hypothesis that could explain some of our results is a difference in the combination and/or location of heteromeric versus homomeric GABA C Rs in the SGS projection cells. For example, it is possible that homomeric GABA C 2Rs are always present but are located extrasynaptically, whereas homomeric GABA C 1Rs are synaptic. In this scenario, homomeric GABA C 2R inputs would never be evident as both the amount of GABA available for their activation, the total charge that they carry and their faster kinetics would be swamped by the inputs of the homomeric GABA C 1Rs. In the absence of GABA C 1Rs, the influence of the homomeric GABA C 2Rs would be revealed. If this occurs in conjunction with increased GABA release, then there could be compensation for their reduced total charge, although we would not expect this compensation to fully restore GABA C receptor function.
Alternatively, or in conjunction (again in contrast to the retina), the increased duration of GABA release could cause a downregulation of postsynaptic GABA A receptors, particularly during development. In this case, the proportion of receptors available to bicuculline would be smaller and paired with an increase in GABA in the synapse could underlie the reduced sensitivity because bicuculline is a competitive antagonist. There remain too many inconsistencies in this issue of reduced bicuculline sensitivity in the GABA C 1 Null SC and the resolution of this interesting finding requires further investigation.
Taken together our results strongly suggest a fundamental difference in the function of the GABA C 1 subunit in the trafficking, the composition and/or function of GABA C Rs between the SC and the retina. In SGS, both projection neurons (PN) and local interneurons (IN) receive excitatory input from retinal afferents mediated by ionotropic GluRs. Interneurons release GABA onto projection neurons where it acts mainly through GABA A Rs (red) but also through GABA C Rs (yellow). GABA C Rs also serve as autoreceptors in GABAergic interneurons. In addition to excitatory input, interneurons also receive inhibitory input through GABA A Rs and GABA C Rs.
